Introduction {#Sec1}
============

The Majella National Park (MNP) is a protected area of high ecological value for the safeguard of the Apennine wolf (*Canis lupus italicus*) population, and it covers a vast mountainous area of about 740 km^2^ in the Abruzzi region along the Apennines of South-Central Italy.

Based on the last studies, the MNP wolf population is estimated at 90 to 100 animals distributed in 10--11 packs, showing a high population density (Valerio et al. [@CR55]; Galaverni et al. [@CR19]).

Recently, the MNP developed a coordinated plan of sustainable measures for the conservation of the wolf population in the Apennines, including specific strategies for the reduction of sanitary risks resulting from the sympatric canine populations and the interactions between wolves and dogs (LIFE08/NAT/IT/00325 [@CR28]).

Pathogens that could be a threat to the health status of wolf population are canine parvovirus type 2 (CPV-2), now classified as carnivore protoparvovirus 1, canine distemper virus (CDV), canine coronaviruses (CCoVs), and canine adenoviruses (CadVs), along with endoparasites characterized by a partial or complete life cycle in the intestinal tract (Borecka et al. [@CR8]; Millán et al. [@CR32]). In Italy, the most recent studies documented the occurrence of aforementioned viruses in the Apennine wolf population, with particular regard to the variant b of CPV-2, canine adenovirus CadV-1, and CadV-2, a pantropic strain of CCoVs and almost two different lineages of CDV (Di Sabatino et al. [@CR14]; Pizzurro et al. [@CR39]; Alfano et al. [@CR1]). Furthermore, a survey to investigate the distribution of intestinal helminths in wolves of MNP revealed high values of polyspecific infections of roundworms, such as capillariids, *Ancylostoma*/*Uncinaria*, and *Trichuris vulpis*(Paoletti et al. [@CR37]).

The majority of these studies were conducted by non-invasive monitoring procedures analyzing the fecal samples opportunistically collected along the trails, off-road, and transects detected by means of wolf howling and snow tracking sessions, and/or recovering the carcasses (Millán et al. [@CR32]; Pizzurro et al. [@CR39]; Alfano et al. [@CR1]).

In order to discriminate the wolf feces from those of other free-ranging species, multiple criteria (diameter and volume of the scats) are required, but the reliability of them appears to be lacking. Moreover, the feces collected along the roads and trails were largely from dominant pack members (Blanco and Cortés [@CR6]) and the carcasses of wolves could be recovered in ~~a~~ compromised preservation conditions with advanced autolysis.

In this context, a correct sanitary monitoring should be carried out by means of standardized procedures of sampling, in order to obtain high-quality samples, suitable for laboratory investigations purposes and representative of the groups of animals.

In this study, a sampling protocol, based on the combining data downloaded from GPS-collared adult wolves with geographic information system (GIS) analysis, was applied in order to collect wolf-specific and relatively fresh stool specimens for virological and parasitological investigations, and to relate the diagnostic results with spatial distribution, health status, and ecological data obtained from two monitored packs.

Material and methods {#Sec2}
====================

Investigated packs and sampling {#Sec3}
-------------------------------

During the summer 2017, two female adults were captured in different sites with evidence of resident and breeding wolf packs. Capture procedures (Fremont foot snares and chemical immobilization) and animal handling were carried out according to the European and National legislations (Council Directive 92/43/EEC; DPR 357/97) and approved by the Italian Ministry of for Environment, Land and Sea Protection. Once immobilized, each animal was fitted with a GPS-GSM collar (Followit, Sweden). The wolves appeared in good condition without any clinical signs of disease.

The collars were programmed to take 48 localizations/24 h for 10 days/month (high rate configuration) during the sampling sessions, and 8 localizations/24 h (low rate configuration) for the rest of the monitoring period (from July to December 2017). The adaptive kernel (95% contour, 50% core area) of each pack was estimated using least squares cross-validation method (hLSCV)(Worton [@CR56]; Seamen and Powell [@CR44]). According to the protocol already in use for wolf food ecology and resting sites study in the MNP territories, a cluster was considered so when at least two consecutive localizations, within a radius of 100 m, linked with the activity on the *x*/*y* axes, were recorded (Sand et al. [@CR43]).

The GPS positions registered by radio collars along with the video data obtained from camera traps, previously positioned in the study area, allowed to prove that the monitored wolves belonged to two different packs, named Majella Centrale (MC) and Bassa Valle dell'Orta (BVO). The MC pack resulted a recent formation unit, organized in few animals (down to 4 wolves), whose home range (28 km^2^) is entirely included in the protected area. Instead, the BVO pack appeared to be a stable and reproductive nuclear family (at least 7 wolves) and the relative home range (40 km^2^), partially outside the MNP boundaries, comprised villages, and other human infrastructures. No evidence of serious effects of disease or significant changes in wolves' behavior was observed in the packs. During the study, a total of 9 kill sites (4/BVO and 5/MC pack) with evidence of wolf predation on wild ungulates (6 carcasses) and domestic small ruminants (3 carcasses) were identified for both packs.

From September to October 2017, 38 suitable clusters, based on space-time distribution, landscape features, and safe accessibility, were selected analyzing the locations data obtained daily from the collars by the Followit GEO™ web portal (Followit, Sweden) and the geographic information system ([www.qgis.org](http://www.qgis.org)). For each cluster, a circular area with a radius of 100 m, starting from the geometric center, was identified and visited within 12--24 h following parallel circular transects covering the entire space. All fresh scats detected in the circular area, and according to morphological characters for the species (diameter, volume and presence of hairs), are recovered for a total of 20 fresh fecal samples (10/pack) (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Map of Italy with the Majella National Park (MNP) boundaries and geographic distribution collected samples in both MC and BVO packs home range

Virological and parasitological investigations {#Sec4}
----------------------------------------------

All samples were split into two aliquots for virological and parasitological investigations, and early frozen (− 20 °C) until analyzed.

Conventional PCR and RT-PCR protocols were carried out against canine parvovirus type 2 (CPV-2), canine adenoviruses type 1 and 2 (CAdV-1 and CAdV-2), canine distemper virus (CDV), and canine coronaviruses (CCoVs) (Online Resource S1). For this purpose, total DNA and RNA were extracted from the feces using the Brief Protocol Exgene TM Stool DNA mini kit (GeneAll®, South Korea) and the RNeasy® Mini Kit (Qiagen, Italy).

The amplicons obtained were purified and sequenced in order to verify the positive results of PCR probes. The complete sequence VP2 gene of CPV-2 was obtained from one positive sample and submitted to the GenBank database under the accession number MH614271.

Nucleotide sequences were assembled and analyzed using the CHROMAS software, FASTA (<http://www.ebi.ac.uk/fasta33>), Basic Local Alignment Search Tool (BLAST), and Clustal Omega (<http://www.ebi.ac.uk/Tools/msa/clustalo>). A maximum likelihood (ML) phylogenetic tree of the full-length sequences of VP2 region deposited in GenBank was constructed using MEGA v7.0.26 (Kumar et al. [@CR27]).

For parasitological exams, fecal samples were examined by means of copromicroscopic and molecular analysis, respectively. Copromicroscopic examination was performed with a classical flotation procedure, using a saturated NaNO~3~ solution (specific gravity 1.340) (Euzeby [@CR17]). Parasite elements were identified according to their morphological features and micrometric measurements at ×40 and ×100 magnifications (Sprent [@CR47]; Sloss et al. [@CR46]). In addition, genomic DNA was extracted from an aliquot of each sample using the commercial ZR Fecal DNA Mini Prep Kit (Zymo Research, USA). The DNA extracts were subjected to different PCR protocols. A fragment of the *Giardia* spp. gene encoding for the small subunit-rRNA(SSU-rRNA) and a fragment internal to the COWP gene of *Cryptosporidium*, were amplified according to the protocols previously described (Traversa et al. [@CR51]). Additionally, the occurrence of *Echinococcus* spp. was evaluated using primers pair JB3/JB4.5 able to amplify a fragment of a mitochondrial gene, cytochrome c oxidase subunit I (COI), as described previously by Bowles and McManus ([@CR9]). Moreover, appropriate negative and positive controls were included in each PCR run.

The amplicons obtained were purified and sequenced. Finally, nucleotide sequences were assembled and compared with those available in the GenBank database using the Clustal and BLAST programs.

Results {#Sec5}
=======

Virological and parasitological investigations {#Sec6}
----------------------------------------------

Out of 20 fecal specimens, 2 samples from BVO pack and 5 from MC pack were positive for parvovirus DNA sequences. Positive samples were confirmed as variant 2b of the field strain CPV-2 highlighting an identity of 100% among the viral sequences obtained from both BVO and MC packs. The phylogenetic analysis of the full-length VP2 gene showed that the wolf CPV-2b strain under study clustered with analogous viral strains obtained from Italian domestic dog, but appeared distinct from the wildlife parvoviruses coming from USA, Canada, and Portugal (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Phylogenetic analysis of the VP2 complete nucleotide sequence of canine parvovirus obtained in this study. The gene was compared with 40 analogous sequences belonging to domestic and wild species. For each strain, the genetic variant, species host, country of origin, year, and GenBank accession number are reported. The CPV-2 variants, (2a, 2b, 2c) along with the wildlife variant 2b are highlighted by curly brackets

Two samples from BVO pack and one from MC pack were found positive for CAdV-2 DNA. Noteworthy, one additional BVO pack's specimen contained Porcine adenovirus type 3 (PAV-3) DNA fragment.

A fragment of CAdV-2 E3 gene was compared with analogous sequences and the analysis revealed the closest identity (100%) with the strain Toronto A26/61. A similar identity, but with a minor coverage (87--88%), was found with the dog strain 60-2011 (Genbank KF676978.1) and the red fox (*Vulpes vulpes*) strain 113-3F-c04 (Genbank JX416842.1), both detected in Italy. A partial coverage (28--30%), with an identity of 100% and 96%, was also obtained in comparison with two Italian wolf strains (Genbank MF356370.1 and MF356371.1) detected in Northern Italy.

Regards PAV-3, the partial cds of *pol* gene showed a 99% of identity (coverage 98%) with the strain 6618 detected in porcine (GenBank AB026117 and AF083132) in 1998 and 1999.

Finally, no sequences of CDV and CCoVs were detected in any fecal samples (Table [1](#Tab1){ref-type="table"}).Table 1Results of virological and parasitological investigations carried out on the fecal samples collected from the packs under studySample/PackCPV-2CAdVsCCoVCDVParasites1/BVONegNegNegNeg*Ancylostoma*/*Uncinaria*2/BVONegNegNegNeg*Trichuris vulpis*3/BVONegNegNegNegNeg4/BVONegNegNegNegNeg5/BVONegNegNegNeg*Eucoleus* spp., *Ancylostoma*/*Uncinaria*, *Cystoisospora canis*6/BVONegCAdV-2NegNegNeg7/BVOCPV-2bPAdV-3NegNeg*Capillaria aerophila*8/BVONegCAdV-2NegNeg*Capillaria aerophila*, *Angiostrongylus vasorum*, *Trichuris vulpis*, *Ancylostoma*/*Uncinaria*9/BVONegNegNegNegNeg10/BVOCPV-2bNegNegNeg*Capillaria aerophila*, *Ancylostoma*/*Uncinaria*11/MCCPV-2bNegNegNeg*Capillaria aerophila*, *Cystoisospora canis*, *Ancylostoma*/*Uncinaria*12/MCNegNegNegNeg*Capillaria aerophila*13/MCCPV-2bNegNegNeg*Capillaria aerophila*14/MCCPV-2bNegNegNeg*Capillaria aerophila*, *Sarcocystis* spp., *Ancylostoma/Uncinaria*15/MCNegNegNegNeg*Capillaria aerophila*16/MCNegCAdV-2NegNegNeg17/MCNegNegNegNegNeg18/MCNegNegNegNeg*Cystoisospora canis*19/MCCPV-2bNegNegNeg*Capillaria aerophila*, *Sarcocystis* spp., *Ancylostoma*/*Uncinaria*20/MCCPV-2bNegNegNeg*Capillaria aerophila*, *Ancylostoma*/*Uncinaria*Neg: negative; BVO: Bassa Valle dell'Orta pack; MC: Majella Centrale pack

Fourteen samples (6/BVO pack and 8/MC pack) resulted positive for parasites. *Capillaria aerophila* (sin*. Eucoleus aerophilus*), *Ancylostoma/Uncinaria*, *Trichuris vulpis* eggs, *Sarcocystis* spp., and *Cystoisospora canis*, *Angiostrongylus vasorum* larvae were identified*.* Overall, monospecific infections were found in 7 samples with *C*. *aerophila* being the most frequent. Moreover, polyspecific infections were found in additional 7 samples. The most frequent association was represented by *Ancylostoma/Uncinaria* and *Capillaria aerophila*(Table [1](#Tab1){ref-type="table"}).

The molecular analysis demonstrated *Giardia duodenalis* and *E*. *granulosus* in sensu stricto in samples 1/MC pack and 2/MC pack, respectively. The sequence of *Giardia* showed the closest sequence homology (99%) with *G. duodenalis* Assemblage C (GenBank accession number MF153912.1), while *E*. *granulosus* showed the closest sequence homology (100%) with the genotype ovine G1 (Genbank accession number U50464). Finally, the DNA of *Cryptosporidium* spp. was not detected in any fecal samples.

Discussion {#Sec7}
==========

The multi-pathogen survey reported in this study was conducted on samples specifically collected from kill or resting sites of two different wolf packs by a non-invasive GPS location-based technique. Indeed, there are some advantages in this sampling method. Most previous studies investigated exposure to pathogens through serological surveys or opportunistic fecal samples and autopsy of recovered deceased animals (Almberg et al. [@CR2]; Millán et al. [@CR32]; Miranda et al. [@CR33]; Pizzurro et al. [@CR39]). Whereas, during our study, the sampling sessions were carried out visiting the suitable clusters within 12--24 h from their identification by means of the GPS-GSM radio collars' location tracking. In addition, the video-trapping data confirmed that the monitored wolves belonged to two different packs and moved with the other members. Therefore, this procedure allowed to recover relatively fresh samples coming from more individuals and to relate each specimen to the pack under study.

The close physical contact between group members is characteristic of social canids such as wolves, and it enhances the likelihood of within-pack transmission of pathogens (Johnson et al. [@CR25]). Therefore, the detection of pathogens in one or more samples suggests that several members of the pack were probably exposed to the infection, as previously proposed (Molnar et al. [@CR34]).

Apparent prevalence of CPV-2b in wolf fecal samples ranged from 20 to 50% in BVO and MC packs, respectively. These results, along with the serological monitoring carried out in the past within the MNP territories (unpublished data), suggest that the virus can be considered endemic in the wolves population of the Park, as previously observed for other wolf populations in Spain, Canada, and North America (Mech et al. [@CR29]; Almberg et al. [@CR2]; Nelson et al. [@CR35]; Millán et al. [@CR32]). It is noteworthy that in our study the sensitivity of sampling appears to be higher in comparison with other surveys (Millán et al. [@CR32]; Miranda et al. [@CR33]). Probably, the GPS telemetry and video-trapping data used for location tracking of the packs, along with the season of the sampling, may have improved the detection of positive samples.

The sequence analysis allowed identifying the variant 2b of CPV-2 in both packs. CPV-2b was detected for the first time in Apennine wolves by Battilani et al. ([@CR4]), who revealed a very high relationship of the virus with analogous sequences derived from domestic canine population living in the same territory. Actually, CPV-2a followed by variant 2b appear to be the most predominant variants in Italian dog population, while CPV-2c is the least frequently reported. In addition, the sequences of VP2 gene were grouped into four major haplotypes (H1--H4), including viral strains collected in different regions. Haplotype 1 (H1) gathered sequences of CPV-2b from Abruzzo, Veneto, Emilia Romagna, Latium, Tuscany, and Sardinia regions (Tucciarone et al. [@CR53]). In accordance with this scenario, the phylogenetic analysis based on complete sequence of VP2 gene revealed that the CPV-2 under study clustered in the H1 group, while it appears to be different from analogous CPV-2b sequences derived from wildlife. Probably, the viral strain circulating in the packs is not completely adapted to the wild host and the domestic dog could represent the virus reservoir for MNP wolves. The recent increase of wolf population observed in several countries, including Italian regions (Boitani et al. [@CR7]), encouraged the maintenance of frequent contacts between wolves and sympatric dogs, mainly represented by feral and shepherd dogs. In this scenario, the local canine population can be considered a potential risk of frequent exposure to the virus for wolf packs, and the implementation of the vaccination of sympatric dogs along with the control of stray or abandoned animals should be encouraged.

Partial sequences of CadV-2 were detected in fecal samples derived from both MC and BVO packs.

This is the first report of the virus in Central Apennine wolves, consistent with similar findings recently documented in Northern and Southern Italy (Melegari et al. [@CR30]; Alfano et al. [@CR1]). In Italy, in the past, canine adenoviruses were described only in foxes (Balboni et al. [@CR3]), except for CadV-1 reported in a wolf found dead and showing hepatic lesions referred to the infection. These data suggest that CadV-2 can be considered emerging in free-ranging wolves and additional surveys should be carried out to monitoring changes in the epidemiology of the infection.

Interestingly, one sample resulted positive for PAdV-3. Porcine adenoviruses are commonly isolated from the gastrointestinal tract and fecal samples of swine, and generally cause subclinical infections (Horak and Leedom Larson [@CR23]). In addition, they can be found in residual waters and sludge collected from livestock farms, making PAdVs specific markers of fecal contamination of the environment (De Motes et al. [@CR12]; Hundesa et al. [@CR24]; Garcia et al. [@CR20]). In our study, both the MC and BVO packs showed a predatory activity on the wild boar, and even if no data about the distribution of PAdVs in wildlife are available, it is not ruled out that the presence of virus could be linked to the diet of the packs. On the other hand, the positivity emerged only in the BVO pack, whose home range includes pig farms, slaughterhouse, and meat-processing plant, as proved from radio telemetry data. Based on these data, the PAdV-3 positive sample can be more related to the environmental contamination, rather than to the predatory activity on local wild boar population. In this respect, the BVO pack appear to inhabit a territory markedly influenced by human activities that require a rapid response by the animals to environmental changes, as already described for the ecological trap in other wild species (Hale and Swearer [@CR22]).

As regards CDV and CCoVs, the negative results obtained by RT-PCR screening suggest that both viruses are not harbored in the wolf population under study, even if other variables as season of sampling, low number of specimens, and the higher sensitivity to degradation of RNA viruses than DNA ones could not be ruled out (Bergner et al. [@CR5]).

The results of parasitological investigations confirm the role of the wolves as reservoir and spreaders of various helminths, some of which potentially zoonotic. These findings agree with a similar study carried out in the same area that revealed roundworms and hookworms are the most frequently detected intestinal helminths in this species (Paoletti et al. [@CR37]). In this study, *E*. *granolosus*, *A*. *vasorum*, and *G*. *duodenalis* were also detected. Generally, the infection of wolves with parasites could result as a direct transmission from other wild and domestic canids (e.g., *T*. *vulpis*, and *C*. *aerophila*) (Urquhart et al. [@CR54]; Paoletti et al. [@CR37]) or predation of infected intermediate hosts (*Sarcocystis* spp. and *E*. *granulosus*) (Bryan et al. [@CR10]; Friesen and Roth [@CR18]). As apex predator, wolves host a gastrointestinal parasite community that should vary in relation to the diet (Bryan et al. [@CR10]; Friesen and Roth [@CR18]).

*Echinococcus granulosus* sensu stricto (sheep strain genotype G1) is a common gastrointestinal parasite whose life cycle depends upon the predator-prey relationship (Friesen and Roth [@CR18]) and it is an important emerging and re-emerging zoonotic agent, above all in the Mediterranean basin (Poglayen et al. [@CR40]). Ungulates often comprise the majority of wolf diet (Meriggi et al. [@CR31]), but no wild cycle of *E*. *granulosus* has been described in Italy (Di Paolo et al. [@CR13]). Therefore, the presence of echinococcosis in the MC pack is probably linked to predation on domestic animals, as suggested by the predation activity registered during the sampling sessions. Indeed, a consistent population of small ruminants, cattle, and equids grazing within the MNP area during a period ranging from June to late November is distributed in about 93 farms (Angelucci S, personal communication). The sequence analysis of *E*. *granulosus* derived from the MC pack, revealing an identity of 100% with the ovine genotype G1, endorses our hypothesis, along with the recovery of remains of predations of sheep detected during the sampling session. To date, no information relating the prevalence of echinococcosis in sheep and cattle of the Park are available. However, the lower detection rate observed in this study, compared with what was reported by others (Gori et al. [@CR21]; Poglayen et al. [@CR40]), suggests a low prevalence of the parasite in livestock inhabiting the same area of the wolfs' pack. In addition, the wild boar, as a contamination source for echinococcosis in wild carnivores, could not be ruled out. Indeed, the ovine genotype G1 of *E*. *granulosus* was recently described in 8 out of 765 wild boars examined during hunting season in Central Italy (Paoletti et al. [@CR38]).

As regards *A*. *vasorum*, in Italy, the first report involved red foxes over 20 years ago (Poli et al. [@CR41]), and since then it has been detected with increasing frequency in dogs and foxes, and now the parasite is considered endemic throughout the country (Traversa et al. [@CR52]; Eleni et al. [@CR15]). Actually, only four records of *A*. *vasorum* from wolves have been published (Segovia et al. [@CR45]; Eleni et al. [@CR16]; De Liberato et al. [@CR11]). In particular, in Central Italy, a prevalence of 28.0% was reported, probably due to the environmental and climatic conditions (milder temperatures, higher humidity) of this area, particularly favorable to the development of the gastropods, recognized as intermediate hosts of *A*. *vasorum*(Taubert et al. [@CR50]; De Liberato et al. [@CR11]). Indeed, Eleni et al. ([@CR15]) reported a similarly prevalence in foxes originating from the same areas, possibly indicating that natural areas of Central Italy are particularly favorable to this parasite. These data raise the question of whether wolves can be considered ancestral hosts of this parasite, like a sylvatic reservoir from which the dogs are presumably infected, or whether infection in wolves results from more recent spill-over from dogs (Eleni et al. [@CR16]). In this study, *A*. *vasorum* was detected for the first time in the wolf population of MNP, coming from the BVO pack, which has more likelihood of interaction with dogs and human activities located in the urban area.

Finally, the canid-specific assemblage C of *G*. *duodenalis* from the MC pack suggests a possible transmission between dogs and wild canids without public health concern. Indeed, the assemblages C appear to be strictly host specific and are commonly found in dogs (Ryan and Cacciò [@CR42]; Paoletti et al. [@CR36]). To our knowledge, data relating the prevalence of *Giardia* spp. infection in wildlife from Central and Eastern Europe are lacking and often based only on microscopy or serological investigations without molecular characterization of the protozoa (Stojecki et al. [@CR48]). In contrast with our findings, in Canada, Bryan et al. ([@CR10]) detected in wolf samples exclusively zoonotic assemblages of Giardia (A, B) in absence of dog-specific assemblages (C, D), probably due to the immune status, age distribution, habitats, or other ecological aspects of wolves under study. Finally, studies about *Giardia* spp. infections in wild wolves proved the horizontal transmission between humans, domestic animals, and wild mammals (Stronen et al. [@CR49]) and, considering the zoonotic potential of this protozoa, further investigations in domestic and wild carnivores should be implemented in order to identify the species involved in the maintenance of the parasite in the Park territories.

In conclusion, the non-invasive method adopted in this study, based on the multidisciplinary procedures, represents an innovative tool for the survey of the Apennine wolf, able to integrate sanitary data with the ecological and demographic features of this population. The results reported in our study highlighted the presence of multiple pathogens in the wolf population of the MNP. The differences observed between MC and BVO packs, relative to density of animals and the characteristics of home range, seem to not affect the distribution of pathogens in each group. It cannot be ruled out that alternative wild host species (red fox, wild boar), largely distributed through the Park, could play a potential role in the transmission of the investigated pathogens.

These agents may have significant effects on the population dynamic, as described in other countries (Johnson et al. [@CR25]; Almberg et al. [@CR2]). However, during the monitoring activities, no alterations of the health status, the survival rate of pups, and the dynamics relative to wolf activity were observed, suggesting that other factors, in addition to the investigated pathogens, are necessary to determine significant mortality episodes, such as unexpected environmental changes, competition for food, pup starvation, and other causes of natural mortality (Mech et al. [@CR29]). Then, ecological and epidemiological factors should be necessarily considered when monitoring disease in wildlife, for a correct assessment of the role, independent, synergic, or competing, played by the pathogens (Jolles et al. [@CR26]).
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